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STREAM PHYSICAL FACTORS
AFFECTING BRYOPHYTE DISTRIBUTION

Figure 1. Tolliver Falls 7 January 1961, Swallow Falls Park, Maryland, USA. The stream remains open even though the ground is
buried in snow. The leafy liverwort Scapania undulata is common in the falls. Photo by Janice Glime.

In the early stages of my career, few purely ecological
studies of aquatic bryophytes existed. At that time, an
emphasis on pollution fawned studies on the uptake and
binding of heavy metals and other pollutants. Since that
time, many studies on the ecology and physiology of these
aquatic species have emerged. These have helped us to
understand the roles of various ecological factors that
determine which bryophytes can occupy a particular
location.
This chapter will introduce those stream
parameters that are able to affect the bryophyte
populations.
Aquatic, and especially stream, bryophytes must be
able to survive both complete submersion and periods of
desiccation and even high light when their substrate
becomes exposed. This exposure can often be coupled
with high temperatures that are more conducive to
respiration than to photosynthesis. Acrocarpous mosses
tend to dominate in the frequently exposed situations,

whereas pleurocarpous mosses have better survival where
water is flowing most of the time, and especially during
periods of rapid flow.
Aquatic habitats provide adaptive challenges that can
be quite different from those of terrestrial habitats. These
have been adequately described in several books and
publications on limnology and flowing waters (e.g.
Margalef 1960; Ruttner 1963; Hynes 1970; Allan 1995).
Streams, because of their flowing water and sometimes
intermittent flow, can be even more challenging. Hence,
the number of truly aquatic bryophytes in streams is
relatively small.

Factors Affecting Bryophyte Presence
In their study of 187 Portuguese water courses (mostly
headwaters), Vieira et al. (2012a) assessed the effects of
fluvial and geologic gradients among the streams,
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focussing on type of river segment, micro-habitat,
immersion level, water velocity, depth range, shading, rock
types, and altitude. They identified 140 taxa (102 mosses,
37 liverworts, and 1 hornwort). They furthermore noted
that water velocity, local incident light, and hydrologic
zone explained the taxonomic groups, life forms, and life
strategies present (Vieira et al. 2012b). The most common
taxa in these streams were Racomitrium aciculare (Figure
2), Platyhypnidium lusitanicum (Figure 3), Hyocomium
armoricum (Figure 4), Scapania undulata (Figure 5), and
Fissidens polyphyllus (Figure 6), with Brachytheciaceae
(Figure 3), Grimmiaceae (Figure 2), and Fissidentaceae
(Figure 6) being the most frequent families.

Figure 4. Hyocomium armoricum, one of the common
bryophytes in Portuguese streams. Photo by David T. Holyoak,
with permission.

Figure 2. Racomitrium aciculare (Grimmiaceae), one of
the common bryophytes in Portuguese streams. Photo by Michael
Lüth, with permission.

Figure 5.
Scapania undulata, one of the common
bryophytes in Portuguese streams. Photo by Michael Lüth, with
permission.

Figure 6. Fissidens polyphyllus, one of the common
bryophytes in Portuguese streams. Photo by David T. Holyoak,
with permission.

Figure 3. Platyhypnidium lusitanicum (Brachytheciaceae),
one of the common bryophytes in Portuguese streams. Photo by
David T. Holyoak, with permission.

Scarlett and O'Hare (2006) studied the community
structure of stream bryophytes in rivers of England and
Wales. They analyzed the 50 most common bryophytes,
determining that Fontinalis antipyretica (Figure 7) and
Platyhypnidium riparioides (Figure 8) were the dominant
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species. They found the strongest environmental gradient
to be the transition from the lowland chalk geology to those
of steeply sloping, high altitude systems with less erodable
rocks. This trend relates to substrate size, altitude of
source, distance to source, and site altitude as important
predictors of species richness (stepwise regression analysis,
p <0.0001, adjusted R2 = 0.30).

streams with bryophytes were stable and experienced fewer
low-flow events.
Using the parameters that were important in New
Zealand, Suren and Ormerod (1998) conducted an
extensive study in Himalayan streams and found many of
the same factors were important as in the New Zealand
streams. These included substrate stability, substrate size,
flow, alkalinity, and human interference with the
surrounding landscape.
Slack and Glime (1985) examined niche characteristics
in Appalachian Mountain streams, USA. They found
height on the rock and type of substrate, including rock size
(an indicator of stability), were important niche parameters.
Height above water level causes a zonation pattern that
separates niches of closely related species (Figure 9). In
these streams, it separates two species of Brachythecium
(B. rivulare close to water and B. plumosum above it;
Figure 10-Figure 11) and two growth forms of
Hygrohypnum ochraceum (Figure 12-Figure 13).

Figure 7. Fontinalis antipyretica, a species that became less
abundant when flow was reduced or when erosion covered it with
inorganic siltation. Photo by Andrew Spink, with permission.

Figure 8. Platyhypnidium riparioides, a dominant stream
bryophyte. Photo by Hermann Schachner, through Creative
Commons.

Heino and Virtanen (2006) found that mean local
abundance and regional occurrence were strongly
positively related in streams, but that for semi-aquatic
species, this relationship was very weak. Their results
suggest that obligatory stream bryophytes are limited by
dispersal and metapopulation processes, whereas the semiaquatic species are more likely to be limited by habitat
availability. Life history strategies and growth forms
differed greatly between those of dominants and those of
the transients or subordinate species.
Suren (1996) did a massive study involving 118
streams on the South Island of New Zealand. He identified
five types of streams, one of which has no bryophytes.
They were absent in streams surrounded by development
such as pastures and pine woodlands, where rocks were
easily eroded. Furthermore, these streams were highly
influenced by humans, having higher nutrient levels and
more common low-flow events. They also lacked the
bedrock and boulders that contribute to stability. Instead,

Figure 9. Distance of bryophytes from water surface at four
locations in the White Mountains, New Hampshire, USA. From
Slack & Glime 1985.
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Figure 10. Brachythecium rivulare, a species that tends to
occur closer to the water than does B. plumosum. Photo by
Michael Lüth, with permission.
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Figure 13. Hygrohypnum ochraceum, showing the falcate
leaves present when further from the water. Photo by Hermann
Schachner, through Creative Commons.

Ceschin et al. (2012) determined that water velocity,
water clarity, substrate size, and poor water quality were
important determining factors at 99 stations in 18 streams
in the Tiber River basin, Italy. Aquatic bryophytes
preferred substrates with medium to large granulometry,
fast-flowing, clear water with good oxygenation (mean 9.2
mg L-1). They also preferred low nutrient levels of
ammonia (mean 0.10 mg L-1) and phosphates (mean 0.09
mg L-1).

Stability and Stream Order

Figure 11. Brachythecium plumosum, a species that tends
to occur higher on rocks than does B. rivulare. Photo by Michael
Lüth, with permission.

Figure 12. Hygrohypnum ochraceum in water, exhibiting
lack of leaf falcations. Photo by Andrew Simon, through Creative
Commons.

Bryophytes tend to inhabit stable substrates in higher
flow velocities, whereas other macrophytes (generally
aquatic plants large enough to be seen by the unaided eye)
tend to inhabit less stable, finer substrates in environments
with slower flow velocities (Gecheva et al. 2013; Manolaki
& Papastergiadou 2013). Consequently, bryophytes tend
to inhabit lower-order, higher-elevation stream reaches;
other macrophytes (tracheophytes) tend to inhabit higherorder, lower elevation stream reaches. Stream order
permits us to describe the tributary relationship of a stream
or river. It is numbered from the initial tributary as 1, to
the joint flow with another tributary as 2, and so forth. But
there are several schemes in use (and not all use the
numbering convention I describe), with two, the Shreve
(1966) and Strahler (1957, 1964), being the most
commonly used. In both of these, a 2 represents the merger
of two 1's, but in the Shreve system the next number
represents the sum of the two branches that merge (Figure
14), whereas in the Strahler system it requires two of the
same number to increase the merged number (Figure 15)
(Wikipedia 2018).

Figure 14. Shreve stream order. Drawing by Langläufer,
through Creative Commons.
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Figure 15. Strahler stream order. Drawing by Langläufer,
through Creative Commons.

Substrate
Substrate Type
Substrate is important in fast-flowing water to give the
bryophyte a place to attach. Silt and sand are too mobile
and thus suitable only in slow flow, but then other plants
can survive there as well, typically out-competing the slowgrowing bryophytes. Tree roots and decorticated logs are
suitable substrates for some species. Rocks are more
stable, and are by far the dominant substrate for bryophytes
in fast-flowing water. Suren (1996) demonstrated that
streams with easily eroded rocks typically had no
bryophytes.
I was surprised in my literature search to see that type
of substrate, with the exception of acid vs alkaline, has
received almost no attention by researchers studying stream
bryophytes. The only experimental study I could find on
relationship of attachment to rock types was my own. Most
studies relate to alkaline vs acid, not to rock texture.
In their attachment study, Glime et al. (1979) tested
attachment to four different rock types: basalt, sandstone,
shale, and granite. All of these have rough (like fine sand
paper) surfaces except the shale, which is very smooth.
The mosses [Fontinalis duriaei (Figure 16),
Hygroamblystegium fluviatile (Figure 17) were both
species of relatively rapid water, at least part of the time.
After 15 weeks in artificial streams (both species) and in
Cole's Creek near Houghton, Michigan, USA (only F.
duriaei), the species demonstrated attachment, but there
were differences among rocks and between species.

Figure 16. Fontinalis duriaei, a species of rapid water.
Photo by Michael Lüth, with permission.

Figure 17. Hygroamblystegium fluviatile, a species that of
fast water that attached best to sandstone rock in an artificial
stream. Photo by Michael Lüth, with permission.

Surprisingly, the basalt rock had the highest
attachment in the artificial streams, but the lowest
attachment in Cole's Creek where the mosses had been
collected (Table 1) (Glime et al. 1979). Sandstone had the
highest attachment for some species in Cole's Creek
(Fontinalis duriaei – Figure 16) and in the artificial stream
(Hygroamblystegium fluviatile – Figure 17). But this is
only part of the picture. The bryophytes in this experiment
were artificially held on the rocks with a nylon mesh, so
dispersal and impingement were not part of the experiment.
Only the ability to attach and the time required to do it
were compared.

Table 1. Attachment percentage after 15 weeks.
Glime et al. 1979.

From

Fontinalis
Hygroamblystegium
duriaei
fluviatile
artificial stream
Cole's
shale
17
58
granite
42
20
basalt
67
0
8
sandstone
75
80
75
felsite
25
gneiss
33

Although the nylon mesh created an advantage in the
artificial streams, mosses and debris are often pinned on the
upstream sides of rocks by the flowing water. The mosses
can often stay there for weeks, giving them ample time to
attach.
Steinman and Boston (1993) compared substrate
preferences of bryophytes in Walker Branch, Tennessee,
USA. These actually sorted out by size, with bedrock
having the greatest cover, but most rock categories were
preferred to wood (Figure 18). Sand was not colonized at
all.
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Figure 20. Rhamnus cathartica; the genus Rhamnus can
have Cinclidotus fontinaloides at its base. Photo by Ryan
Hodnett, through Creative Commons.

Figure 18. Substrate type preference by bryophytes in
Walker Branch, Tennessee, USA. Modified from Steinman &
Boston 1993.

Some aquatic bryophytes are able to live on both rock
and wood surfaces. Cinclidotus fontinaloides (Figure 19)
is typically a rock dweller, but in Burren, Co. Clare,
Ireland, it occurs on the bases and trunks of Rhamnus trees
(Figure 20), where it forms dense growth up to 2 m from
the ground (Coker 1993). Likewise in southern Ireland,
Porella pinnata (Figure 21-Figure 22, Figure 45) rarely
grows submerged, but is able to grow on trees, shrubs, and
stone walls, where it is often fertile (Figure 23) (Conard
1968). North of the 40th parallel Porella pinnata is mostly
aquatic (Figure 24), but is rarely fertile. For example,
Gilbert (1958) reported it from a stream in Iosco County,
Michigan, USA. Nichols (1935, 1938) also reported it
from the Huron Mountains in the Upper Peninsula of
Michigan.

Figure 21. Porella pinnata on Nyssa ogeche, showing
zonation in floodplain area. Photo by Christine Davis, with
permission.

Figure 22. Porella pinnata on tree.
McFarland and Paul Davison, with permission.

Figure 19. Cinclidotus fontinaloides, a rock dweller that can
also occur on Rhamnus tree bases. Photo by Hermann Schachner,
through Creative Commons.

Photo by Ken

Figure 23. Porella pinnata with capsules, near Tallahassee,
FL, USA. Photo by Janice Glime.
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Figure 24. Porella pinnata habitat in water. Photo by Ken
McFarland & Paul Davison, with permission.

Rock Size
Generalizations on the role of substrate size and
stability in determining bryophyte communities do exist.
The need for a stable substrate can account for the higher
number of bryophyte taxa in streams with little flow
variation and limited substrate movement (Ormerod et al.
1987; Nolte 1991; Bowden et al. 1999). For example, in
their survey of 18 watercourses in the Tiber River basin of
Italy, Ceschin et al. (2012) found that substrate size was an
important parameter determining the presence of aquatic
bryophytes.
The size of rock needed for bryophyte colonization is
at least in part dependent on the rate of flow and frequency
of flooding with high flow rates. For a bryophyte to
become established, the rock must remain with the same
side up to avoid burial. Hence, gravel and pebbles tend to
have too much disturbance for the establishment of
bryophytes. However, if these same rocks are only
disturbed once per year, and bryophytes are deposited on
them as waters recede, it is possible for the bryophyte
plants to establish and provide the necessary stability.
Steinman and Boston (1993) clearly showed a preference
for larger, more stable rocks and bedrock (Figure 18),
presumably because stable small rocks are seldom an
option.
If disturbance is more frequent, larger rocks are
necessary to accomplish bryophyte establishment
(McAuliffe 1983; Slack & Glime 1985; Englund 1991;
Suren 1991, 1996; Steinman & Boston 1993; Suren &
Ormerod 1998; Suren & Duncan 1999; Bowden et al.
1999). One reason for this is that bryophytes are somewhat
slow to attach new rhizoids to the rocks, a necessity for
assuring themselves of remaining with that rock (Glime et
al. 1979).
At least for some species [e.g.
Hygroamblystegium spp. (Figure 17, Figure 25),
Fontinalis spp. (Figure 16)], this requires a minimum of
about eight weeks (Glime et al. 1979; Englund 1991).

Figure 25. Hygroamblystegium tenax, a species that
requires about 8 weeks of contact before any attachment occurs.
Photo by Hermann Schachner, through Creative Commons.

Slack and Glime (1985) found that rock size was an
important parameter in determining bryophyte colonization
in 10 New Hampshire, USA, streams, particularly for
Hygrohypnum ochraceum (Figure 13) and several
members of the Brachytheciaceae (Figure 3, Figure 10Figure 11). Only Chiloscyphus polyanthos (probably C.
rivularis; Figure 26) was able to establish on small stones.
Freeman-Tukey niche width for bryophytes based on rock
size in these streams ranged from 0.20 to 0.97, indicating
that some species such as Atrichum undulatum (Figure 27)
are more sensitive, having a narrow niche width, whereas
others such as Rhizomnium punctatum (Figure 28) have
wide niche widths. But both of these species typically
grow on wet, but not submersed substrates. For the truly
submersed Fontinalis species, they ranged from 0.35 for F.
antipyretica (Figure 7) to 0.73 for F. dalecarlica (Figure
29).

Figure 26. Chiloscyphus rivularis, a leafy liverwort that is
able to become established on small stones. Photo by Jan-Peter
Frahm, with permission.
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Figure 27. Atrichum undulatum, a species with a narrow
niche width for rock size. Photo by Michael Lüth, with
permission.
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Ormerod (1998), while finding rock size to be important in
New Zealand streams, found that rock size seemed
unimportant in Nepal. Rather, stability was the most
important parameter.
It appears, however, that rock size may in fact be a
measure of stability (Downes et al. 2003). This has been
demonstrated experimentally in geological studies (Chin
1998; Melo & Froehlich 2004). Chin indicated that it can
require 5 to 100 years to restructure the stability of step
pools in mountain streams. Downes et al. (1998) used
1200 marked rocks to determine effect of size on
movement. They found that small rocks had the greatest
movement and large ones the least. They also found that
surface rocks left in place had less movement that surface
rocks they had placed on the stream bed, suggesting that
rocks in the stream may come to rest in positions that are
not random, but rather locations where they experience less
drag.
The niche width for rock size seems to be greatest in
locations below -5 cm from the water surface (Figure 30) in
mountain streams of the Canadian Rockies (Glime & Vitt
1987). Species in the range of 10-30 cm above the water
surface have the most narrow niches. I would guess that
this relates to suitable moisture gradient. Those under
water all have the same moisture and are seldom out of the
water. Furthermore, if the rock is large enough to be 30 cm
above the water level, it is a large rock. The niche overlap
also varies with ecology, and it is not surprising that the
widespread taxa have the greatest niche overlap for rock
size (Figure 31). The calciphilous emergent species have
the least overlap.

Figure 28.
Rhizomnium punctatum, a species that
dominates in streams with high stability and low conductivity.
Photo by J. C. Schou, with permission.

Figure 30. Niche width differences with substrate size as
related to stream zone. ▬ overall mean; ● mean of zone range; - all species in zone 1 (< -5 cm); ‒ ‒ species occurring in zone 2,
but not zone 1 (-5 to 5 cm); • • species in zone 2 or 3, but not zone
1; • - • - species only in zone 3 (10-30 cm). Redrawn from Glime
& Vitt 1987.

Figure 29. Fontinalis dalecarlica habitat, Highlands, North
Carolina, USA. This species becomes less abundant when flow is
reduced. Photo by Janice Glime.

Based on their study of 33 Quebec streams, Cattaneo
and Fortin (2000) determined that substratum size (>25 cm
diameter – bucket size of Slack and Glime (1985) –
accounted for 42% of the distribution variability of mosses
within the streams and was the major factor in explaining
among-stream bryophyte variation.
But Suren and

Figure 31. Niche overlap based on rock size among five
ecological groupings. Redrawn from Glime & Vitt 1987.
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Downes et al. (2003) found a positive correlation
between bryophyte cover and rock size. A similar
relationship exists on rocks of Costa Rican tropical
rainforest streams (Martinez 2005). This relationship of
species number to size of area compares well with the
theory of island biogeography, whereby larger islands tend
to have more species (MacArthur & Wilson 1967).
Those studying the effect of substrate size on
macroinvertebrates in streams seem to have done the most
of the experimental work on the effect of substrate size on
the biological component of streams. Using fine gravel (~1
cm diameter), pebbles (~2.5 cm diameter), and large
cobbles (~8.5 cm), Reice (1980) demonstrated that rock
size was a "prime determinant" of the structure of
macroinvertebrate communities. Bond and Downes (2000)
found that the densities of Hydropsychidae (net-spinning
caddisflies; Figure 32) related to rock size. The density of
these caddisflies was an order of magnitude higher on large
rocks compared to small ones. However, following a flood
those densities were all similar. Fortunately, the caddisfly
densities returned to pre-flood levels in four weeks.

Figure 32. Cheumatopsyche (Hydropsychidae) nets, with
one large and a number of smaller nets. Photo by Justin, through
Creative Commons.

How long does it require for bryophytes to recolonize?
It is likely that in many cases the stolons and rhizoids and
perhaps even stem bases will remain. These can survive as
living tissue, and because of the ability of bryophyte tissue
to grow from such small fragments, such species will return
rather quickly. But it will still take years to reach the
clump size and depth that was present before the
disturbance.
Carrigan (2008) examined the effect of rock size on
bryophyte frequency in Victorian rainforest streams of
Australia. Pebbles (<10 cm) proved to be inhospitable
habitats, due to their instability. Only two species occurred
there: Fissidens serratus and Lophocolea semiteres
(Figure 33) in the Otway Range and these were each found
only once, none in the Central Highlands, and Fissidens
taylorii (Figure 34) in East Gippsland. Small rocks (10-30
cm) likewise had species that occurred only once in more
than half the cases. They were dominated by the thallose
liverwort Aneura alterniloba (Figure 35) in the Otway
Ranges and the Central Highlands and the dendroid
(having tree-like shape) moss Hypnodendron spininervium
(Figure 36) in the Otway Ranges. In Gippsland, small

rocks were dominated by Thamnobryum pumilum (Figure
37) and Fissidens leptocladus (Figure 38). Medium rocks
(31-60 cm) were likewise dominated by Hypnodendron
spininervium, and again, more than half the species
occurred only once in the Otway Ranges. In East
Gippsland, medium-sized rocks were more consistent,
being dominated by Fissidens leptocladus and Thuidiopsis
furfurosa (Figure 39), with Wijkia extenuata (Figure 40),
Hypnodendron vitiense (Figure 41), and Chiloscyphus
semiteres (Figure 42) also highly frequent. The extra large
rocks (>91 cm), i.e. boulders, had low richness, with only
five total species in the Otway Region. In the Central
Highlands, it was Hypnodendron vitiense and
Achrophyllum dentatum (Figure 43) that dominated the
large rocks (61-90 cm) and boulders. In East Gippsland, no
species dominated on large rocks, with the highest
frequency being 2.

Figure 33. Lophocolea semiteres, a species that is able to
inhabit pebbles in Victorian rainforest streams. Photo by Brian
Eversham, with permission.

Figure 34. Fissidens taylorii, a species found on small
pebbles in East Gippsland of the Victorian Rainforest. Photo by
Tom Thekathyil, with permission.
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Figure 35. Aneura alterniloba, a thallose liverwort that
dominates on small rocks in the Otway Ranges and the Central
Highlands of the Victorian rainforest. Photo by Tom Thekathyil,
with permission.
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Figure 38. Fissidens leptocladus, a dominant moss on small
rocks in Gippsland in the Victorian rainforest. Photo by Peter de
Lange, through Creative Commons.

Figure 36. Hypnodendron spininervium, a dominant moss
on the small rocks in the Otway Ranges in the Victorian
rainforest. Photo by Colin Meurk, through Creative Commons.

Figure 39. Thuidiopsis furfurosa, a species common on
medium-sized rocks in East Gippsland in the Victorian rainforest
streams. Photo by David Tng, with permission.

Figure 37. Thamnobryum pumilum, a dominant moss on
small rocks in Gippsland in the Victorian rainforest. Photo by
Niels Klazenga, with permission.

Figure 40. Wijkia extenuata, a frequent species on mediumsized rocks in East Gippsland in the Victorian rainforest streams.
Photo by Budawang Coast, through Creative Commons.
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In seeming contradiction to many of these studies,
Grinberga (2010) found in middle-sized streams in Latvia,
both fast and slow streams with gravel substrates supported
mostly bryophytes, with only sparse helophyte (sun-loving
plant) stands. The narrow, fast-flowing streams limited
aquatic vegetation according to velocity and shading from
riverbank vegetation.
Substrate Stability

Figure 41. Hypnodendron vitiense, a frequent species on
medium-sized rocks in East Gippsland in the Victorian rainforest
streams. Photo by Marshall Simon, through Creative Commons.

Heywood (1362) seems to be the origin of the
statement "The rolling stone gathereth no moss" (cited in
Stevenson 1947).
Madsen et al. (1993) notes that
bryophytes and other stream macrophytes are attached
basally, preventing movement in the flowing water. But
this means that when their rocks are overturned, they may
be locked under the rocks.
Using this theme, Suren and Duncan (1999)
investigated the stability of the substrate on bryophyte
richness and community composition. It is interesting that
they found richness to be low in both stable and highly
unstable stream areas. They considered that competition
might account for the low bryophyte diversity in stable
sites, but attributed the low richness at unstable sites to the
inability of the bryophytes to grow there. The abundance
of these bryophytes was positively associated with stable
types of substrate. As seen above, a number of researchers
have demonstrated the importance of substrate stability on
bryophyte distribution in streams by recording the rock
sizes on which they found bryophytes.

Figure 42. Chiloscyphus semiteres, a frequent species on
medium-sized rocks in East Gippsland in the Victorian rainforest
streams. Photo by John Steel, through Creative Commons.

Figure 44. Relationship between bryophyte taxonomic
richness along a 40-m transect at 48 study sites on South Island,
New Zealand, and the catchment specific discharge (SPECQBF).
Modified from Suren & Duncan 1999.

Figure 43.
Achrophyllum dentatum, a species that
dominates large rocks in the Central Highlands of the Victorian
rainforest.
Photo by Budawang Coast, through Creative
Commons.

Englund (1991) showed the effect of rock size and
stability in two North Swedish woodland streams. Duncan
et al. (1999) showed that both biomass and taxon richness
declined in response to increased instability. On the other
hand, the bryophyte cover had a highly significant
correlation with bankfull discharge. They were unable to
find a significant relationship between cover and the
Newbury Instability Index (indicates sensitivity of
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substrate particle to tractive force  by dividing  by
median substrate size) (see Newbury 1984; Cobb &
Flannagan 1990).
Lang and Murphy (2012) assessed the environmental
variables influencing bryophyte communities in headwater
streams at high elevations in Scotland. They found that
streambed stability and water chemistry were the primary
drivers of bryophyte communities. These were possible
due to adaptations in bryophyte morphology and life cycle
strategy.
Muotka and Virtanen (1995) related bryophytes to
substrate heterogeneity. They used movement of the
streambed in rivers to indicate disturbance frequency and
water level fluctuation in small streams. In these streams
potentially fast-colonizer bryophytes dominate at the
disturbed end of a gradient, providing a community with
low stature. At the stable end of the gradient, large
perennial bryophyte species dominate. They found that
Fontinalis spp. (Figure 16) and Platyhypnidium
riparioides (Figure 8) dominated the most stable substrata
in the spring.
As in many other studies noted here (McAuliffe 1983;
Englund 1991; Steinman & Boston 1993; Muotka &
Virtanen 1995), Vuori et al. (1999) found that in the
Tolvajärvi region, Russian Karelia, abundance and species
diversity of mosses decreases coincidentally with greater
substrate mobility. Substrate heterogeneity increases the
bryophyte diversity. McAuliffe (1983) noted that within
the physical limitations of streams, organisms may be
further limited by current velocities, substrate types, and
disturbance regime.
These factors limit both the
bryophytes and their invertebrate inhabitants.
Steinman and Boston (1993) suggested that the
abundance of bryophytes in Walker Branch, a woodland
stream in Tennessee, USA, might be possible because of
the stable substrata of bedrock and boulders in this habitat
of high velocity. The most abundant of these bryophytes
were the leafy liverwort Porella pinnata (Figure 45) and
the mosses Brachythecium cf. campestre (Figure 46) and
Amblystegium (Hygroamblystegium? – Figure 17, Figure
25) sp.

Figure 45. Porella pinnata, a species of stable substrata in
the southeastern USA. Photo by Alan Cressler, with permission.
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Figure 46. Brachythecium campestre with capsules, a
species of stable substrata in the southeastern USA. Photo from
Northern Forest Atlas, with permission through Jerry Jenkins.

Suren (1993) sampled bryophytes in 103 first-order
alpine streams in Arthur's Pass, New Zealand. He found
that only half the streams had bryophytes, and that
bryophyte distributions were strongly determined by
streambed stability.
Shading seemed to have little
influence. Suren (1996) later sampled bryophytes in 118
New Zealand South Island streams, with similar results. Of
these, 95 had bryophytes. Mean cover, however, was only
17%, with a maximum cover of 86%. The streams that
lacked bryophytes were typically in developed catchments
of pastures and pine woodlands and had easily eroded
rocks. Their streambed stability was low, with a lack of
bedrock or boulders.
Suren and Ormerod (1998) examined the effect of a
number of parameters on the distribution of bryophytes in
108 Himalayan streams. Both community composition and
cover exhibited "highly significant" correlation with
altitude, streambed stability, and alkalinity, with further
influence from riparian land use. The cover was greatest in
streams with high stability. Nevertheless, there was a weak
but significant increase in richness at high altitudes and
moderate stability. These streams were dominated by
Rhynchostegium spp. (Platyhypnidium? – Figure 8),
Fissidens
grandifrons
(Figure
47),
and
Hygroamblystegium spp. (Figure 17, Figure 25). By
contrast, the unstable streams at low altitudes had the
lowest bryophyte species richness and cover. There was no
taxon that was consistently the most abundant in these
conditions. Suren and Ormerod considered that the
importance of stability in the Himalayan streams may be
related to the strong monsoonal floods and their effect of
increasing stream bed movement. They considered that
this habitat requires a large plant size and that vegetative
reproduction may facilitate the widespread distribution of
some of the species, even on the unstable substrata. In
these Himalayan streams, the greatest cover occurred in
streams of low to middle altitudes where the slopes were
more than 15º, there was high stability, and conductivity
was low (<60 µS cm-1).
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when assessing the impact of logging and other
disturbances. It should be no different for assessing
bryophyte communities.
Stability, Bryophytes, and Macroinvertebrates

Figure 47. Fissidens grandifrons, a dominant stream
bryophyte. Photo by Scot Loring, through Creative Commons.

Duncan et al. (1999) assessed the streambed stability
of steep, bouldery streams in New Zealand. Like other
researchers, they found that both biomass and species
richness decreased with the decline in stability of the
substrate. In fact, they found that bryophytes were better
indicators of stream stability than some of the standard
indices. There was a weak correlation with the Pfankuch
score (rating of capacity of a reach to resist detachment of
bed and bank materials and to recover from their changes;
Pfankuch 1975) and bryophyte cover (p=0.023), but no
significant relationship between cover and the Instability
Index. Rather, they presented a new index P(BF) what was
highly significantly correlated (p<0.001) with bryophyte
cover.
Downes et al. (2003) marked randomly selected rocks
and recorded rates at which they disappeared from their
original location. Like other researchers mentioned earlier,
they found a strong positive association between bryophyte
cover and rock size, indicating that substrate stability drives
bryophyte abundance. In the unregulated streams, the
highest cover occurred on emergent rocks, again supporting
the importance of rock size and stability. Nevertheless,
regulated streams did not have lower disturbance
frequencies but the percent cover of bryophytes were
lower, resulting from reduced cover on large rocks. Small
(<10 cm) and medium (10–20 cm) rocks were not affected.
Erosion
Erosion of stream channels is a normal phenomenon.
This occurs naturally, but the problem can be exacerbated
by livestock. Myers and Swanson (1992) assessed the role
of livestock in northern Nevada, USA, and found that
ungulate bank damage varied among the stream types and
different parts of their cross-sections. Vegetation is more
important for some stream types than others. Sand and
gravel banks are the most sensitive to livestock grazing.
Cobb et al. (1992) found that substrate stability was
important for stream insects. Bottom-dwelling insect
densities decrease as discharge increases and particle
movement increases. Substrate stability accounts for
differences in insect density, with decreases up to 94% in
areas with the most unstable substrata. These studies
support the conclusion of Webster et al. (1983) that stream
stability is a fundamental property. Such studies as these
indicate the importance of considering stream stability

Bond and Downes (2000) examined the flow-related
disturbances in streams on macroinvertebrate population
densities.
Using members of the caddisfly family
Hydropsychidae (Figure 32), they found that flow events
on large and small rocks (in this case, bricks) resulted in
reduction of numbers, with the more abundant fauna of
large rocks being reduced in numbers to the same as that
remaining on smaller rocks. Hence, for these insects, it is
not the stability of the substrate itself, but the force of flow
on the insects that prevents these stable rocks from
providing a refugium. However, both small and large
bricks moved during the periods of high flow.
Nevertheless, movements differed between the two sizes.
When bryophytes grow on real rocks, the roundness of the
rock can result in a tumbling motion, placing young plants
and protonemata on the new bottom, under the rock. Once
the bryophytes become established, particularly on
somewhat larger rocks, they may interfere with that
tumbling and help to hold the rock in place.
Englund (1991) likewise demonstrated that disturbance
affected the structure of the macroinvertebrate community,
but his study implicated loss of mosses as the reason. He
overturned moss-covered rocks to simulate the effect of a
strong flow, noting that 16.7% of the moss-covered rocks
had been overturned naturally in the past few years. They
also noted that mosses were rare on small stones except for
those embedded in the substrate. But on stones >12 cm in
diameter, the moss abundance and embedment had no
effect on the moss distribution. When the rocks were
overturned by the researchers, it reduced the ash-free dry
weight and species diversity as well as total abundance of
invertebrates.
On the other hand, 3 of the 16
macroinvertebrates increased in density, but their peak
densities were on the moss-covered undersides of
overturned rocks. For all other macroinvertebrates, the
highest densities were among the mosses of control rocks.
Recovery was still weak for both mosses and
macroinvertebrates after 14 months.
Not surprisingly, mosses were rare on small stones
except for those embedded in the substrate (Englund 1991).
Stones larger that 12 cm supported abundant moss growths,
and embedment in the substrate made no difference
because these rocks were generally stable. When Englund
experimented with overturning rocks, the ash-free dry
weight of mosses and bryophyte diversity decreased on
those rocks that he overturned, whereas some of the
invertebrate taxa increased, particularly among the mosses
on the under sides of rocks. Many invertebrates apparently
migrated to the control stones, where peak densities
occurred on the upper side. Even after 14 months, the
turned rocks had only weak recovery of both mosses and
invertebrates. Shelley (1999) likewise concluded that
streambed stability was an important factor in the spatial
distribution of mosses in Massachusetts, USA. Thus, stable
rocks can minimize the effects of disturbance.
What permits plants, in this case bryophytes, to survive
the hydraulic effect of streams? Klinger (1996) found that
resources (light, nutrients, temperature) are the
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predominant forces governing biomass gain. Biggs and
Saltveit (1996; Klinger 1996) reported that it is hydraulic
factors that cause stream biomass loss. They suggested that
these factors determine the dominance of periphyton
(associated algae and bacteria on rocks and plants),
bryophytes, or other macrophytes (Figure 48) in periods
greater than a year. For less than a year, flow velocity still
dominates accrual of periphyton biomass.
At high
velocities, the accumulation of organic matter is curtailed.
But bryophytes are often restricted to locations with high
velocity on stable substrata, whereas other plants and
periphyton are negatively correlated with velocity of flow
(Biggs & Saltveit 1996; Klinger 1996; Baker et al. 1996).

2-1-15

scale, although they recover rather quickly at the local scale
of individual patches. In fact, flooding may be one of the
central factors regulating species diversity in streams and
rivers.
Understanding these factors is essential to
understanding streams and rivers for purposes of
management and expected results of climate change.

Figure 49. Tolliver Run, Swallow Falls Park, MD, showing
step falls and pools. Photo by Janice Glime

Figure 48. Conceptual model of the relationship between
bryophytes and periphyton under conditions of flow and
streambed stability. Modified from Suren 1996.

Step Pools
Step pools (Figure 49) tend to be stable bedforms, but
stability depends on size, scale, and perspective. Chin
(1998) reported that even these tend to be restructured
within 5 to 100 years. Particle size determines the
mobility. The steps dissipate stream energy and regulate
the channel hydraulics, but stability decreases at larger
scales where the step pools are dependent variables that
respond to discharge and its sediment load. Thus at these
larger scales they become one of channel adjustment.

Disturbance Factors
Lake (2000) warned that it is too easy to confuse the
effects of a disturbance with the effects of the response by
the biota. To fully understand disturbance effects, we need
to understand these differences. Disturbances may occur as
a pulse, a press, or a ramp. The consequent response may
likewise be a pulse, a press, or a ramp.
Floods and droughts are the major forms of natural
disturbance in streams and rivers (Lake 2000). Floods
accentuate downstream and streamside connections.
Droughts create patchiness. Levels of diversity tend to be
negatively correlated with flooding levels at the regional

Lack of substrate stability is one type of disturbance,
sometimes placing the bryophytes under the rocks where
they can't get the light needed to grow. But a number of
disturbances are common to stream environments. Muotka
and Virtanen (1995) considered movement of streambed as
a measure of disturbance in rivers. In small streams, water
level fluctuation is used as an indicator of the frequency of
disturbance.
They found that a change in species
composition accompanied the disturbance gradient. As
already noted, species with low stature and fast
colonization rates dominated the disturbance end of the
gradient, with large perennial species at the stable end. Just
above the water line there was an abrupt increase in the
species richness, with species of broad tolerance for both
water and drying. Low and high standing crops were
characterized by low species richness, whereas
intermediate standing crops had the highest species
richness.
The most stable habitats were frequently
dominated by single species of Fontinalis (Figure 16) or
Platyhypnidium riparioides (Figure 8). At sites with low
biomass, the species composition was more variable.
When the biomass is intermediate, small-scale disturbances
result in a more varied community. Muotka and Virtanen
considered disturbance to be the filtering factor for
eliminating traits that are unsuitable for a given stream
environment.
Bryophytes contribute to the stability of the substrate,
but they typically decline as a result of disturbance
(Englund 1991; Suren 1991; Steinman & Boston 1993). In
New Zealand Suren (1996) found that liverworts were
more sensitive than mosses to modification of the
catchment area and thus occurred mostly in undisturbed
forests. But in Nepal, it is not apparent that disturbance to
the catchment area has much effect on the stream
bryophyte composition (Suren & Ormerod 1998).
Muotka and Virtanen (1995) quantified disturbance as
movement of the streambed in rivers, but as water level
fluctuation in small streams. They found that stable
portions of streams and rivers were characterized by large,
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perennial bryophyte species, whereas the disturbance sites
were characterized by low-statured, potentially fast
colonizers. Perennial species such as Fontinalis spp.
(Figure 16) and Platyhypnidium riparioides (Figure 8) are
able to monopolize space, permitting them to dominate the
most stable habitats. In sites with low biomass, the species
composition is more variable, but the growth form is one of
low stature with a high allocation to spore production.
Where the biomass is intermediate, the bryophyte
community exhibits ever greater variation in response to
small-scale disturbances. Hence disturbance seems to be
an important, if not the most important, factor in filtering
which species are able to live there.
Suren and Ormerod (1998) likewise found that
streambed stability was an important factor in bryophyte
distribution. Richness had a moderate increase with
moderate stability and the communities were dominated by
Eurhynchium praelongum (Figure 50), Platyhypnidium
spp. (Figure 8), Fissidens grandifrons (Figure 47), and
Hygroamblystegium spp. (Figure 17, Figure 25). Unstable
streams had the lowest richness and cover and no taxon
was consistently abundant. In stream reaches with high
stability (and low conductivity), communities were
dominated by two species of Isopterygium (Figure 51),
Philonotis spp. (Figure 52), Rhizomnium punctatum
(Figure 28), and the leafy liverwort family Lejeuneaceae
(Figure 53-Figure 54).

Figure 52. Philonotis pyriformis, a New Zealand species
and probably one requiring streams with good stability. Photo by
Mary Joyce, through Creative Commons.

Figure 50. Eurhynchium praelongum, a species that
increases with an increase to moderate stability. Photo by
Michael Lüth, with permission.

Figure 51. Isopterygium sp., a species that dominates in
streams with high stability and low conductivity. Photo by
Biopix, through Creative Commons.

Figure 53. Lejeunea lamacerina, a species that dominates in
streams with high stability and low conductivity. Photo by JanPeter Frahm, with permission.
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Figure 54. Lejeunea lamacerina habitat. Photo by Michael
Lüth, with permission.

Flow

2-1-17

Bryophytes seem to prefer sites with water movement
and turbulence. In an Arctic tundra stream, Fontinalis
neomexicana (Figure 56) and species of Hygrohypnum
(Figure 13) occur in abundance in riffles (Finlay & Bowden
1994). When P was abundant, there was no growth
difference for Hygrohypnum species in riffles vs pools.
Periphyton mass, on the other hand, was 4-4.5 times as
great on artificial mosses in slow-flowing pools compared
to that in fast-flowing riffles. This resulted in epiphyte
chlorophyll content reaching 4X as great a level on
Hygrohypnum growing in pools compared to those in
riffles. Finlay and Bowden suggested that the greater
periphyton biomass in pools could result from a greater
detrital deposition and by reduced grazing by invertebrates.

Many researchers have concluded that flow rates are a
strong filter for determining which bryophyte species occur
(Muotka & Virtanen 1995). It seems that in most streams,
a steady flow, even a fast flow, is advantageous to
bryophytes (McAuliffe 1983; Englund 1991; Steinman &
Boston 1993). It helps to keep periphyton growth to a
minimum (Finlay & Bowden 1994), thus permitting
maximum access of the bryophyte leaves to light, CO2, and
nutrients. And it seems that these fast-growing algal
periphyton can at times cover the substrate and compete
with the mosses (Figure 55; Suren 1996), but that scouring
caused by fast flow permits the more firmly anchored and
stronger bryophytes to survive and out-compete them.
Nevertheless, even bryophytes can be excluded in water
that is too fast, especially if it carries abrasives. Vegetation
was absent from Canadian rivers when the mean water
velocity exceeded 1 m sec-1 (Chambers et al. 1991). In
New Zealand, Henriques (1987) found no vegetation in 22
streams with a mean velocity greater than 0.9 m sec-1.

Figure 56. Fontinalis neomexicana, an abundant species in
riffles in the Arctic. Photo by Faerthen, through Creative
Commons.

Figure 55. Percentage bryophyte cover relative to flow types
in 118 New Zealand streams. Letters denote which conditions
have similar bryophyte species groupings. Those with only
different letters are significantly different (Tukey's test, p<0.05).
Vertical lines represent 2 standard errors. Modified from Suren
1996.

Similar to the findings of Suren (1996) in New
Zealand, Baker et al. (1996) found that stability over
periods greater than a year was an important factor in
determining if the stream was dominated by periphyton,
bryophytes, or macrophytes in northeastern Iowa, USA,
streams (Figure 48). Contrasting with periphyton and
macrophytes, bryophytes were frequently restricted to areas
that had high velocity but stable substrata.
Martínez-Abaigar et al. (2002a) found that species
richness, cover, and Shannon's diversity all had a negative
correlation with the no-flow (dryness) period in irrigation
channels in the River Iregua basin, northern Spain. On the
other hand, they had a positive correlation with water flow
and velocity. Higher water availability was important for
the mosses Cratoneuron filicinum (Figure 57) and
Platyhypnidium riparioides (Figure 8). Leptodictyum
riparium (Figure 58), on the other hand, dominated where
the current was slower and the water was rich in mineral
nutrients (hard water).
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Englund et al. (1997) used 52 rapids in regulated and
unregulated rivers of northern Sweden to assess the impact
of flow on bryophyte species richness and abundance.
Species richness was 22% lower at sites with reduced flow
and 26% lower at sites with regulated but unreduced flow.
However, the overall abundance of bryophytes was not
significantly affected. Reduced flow resulted in a reduction
in the abundance of Fontinalis antipyretica (Figure 7) and
F. dalecarlica (Figure 29). Blindia acuta (Figure 59) and
Schistidium agassizii (Figure 60) had a greater abundance
at sites that had regulated, but not reduced, flow.

Figure 57. Cratoneuron filicinum, a species that requires
higher water availability. Photo by David T. Holyoak, with
permission.

Figure 59. Blindia acuta with capsules, a species that
became less abundant when flow was reduced. Photo by
Hermann Schachner, through Creative Commons.

Figure 58. Leptodictyum riparium, a species of slow flow
and higher nutrients. Photo by Scott Zona, through Creative
Commons.

Steinman and Boston (1993) found that bryophyte
abundance in Walker Branch, Tennessee, USA, peaked in
late summer, then was reduced by a severe winter storm.
Bryophyte abundance, mostly the leafy liverwort Porella
pinnata (Figure 45), was positively associated with rapid
velocity such as bedrock steps and riffles. This liverwort
in these areas had greater area-specific rates of
photosynthesis and phosphorus uptake than did the
periphyton.
While Biggs and Saltveit (1996) considered light,
nutrients, and temperature to be the main governing factors
for biomass gain, they found hydraulic factors to govern
the processes of biomass loss. For periods over one year,
the hydraulic stability is the determining factor for
dominance by periphyton, bryophytes, or aquatic
tracheophytes. For less than a year, hydraulic stability
governs periphyton biomass.
Both periphyton and
tracheophytes benefit from low velocities, although growth
rate and organic matter accumulation increase at moderate
velocities. On the other hand, high velocities retard
periphyton colonization and organic matter accumulation,
creating conditions that instead favor bryophytes if the
substrate is stable.

Figure 60. Schistidium agassizii, a species that became less
abundant when flow was reduced. Photo by Andrew Hodgson,
with permission.

Regulated rivers have given us insights into the flow
effects on bryophytes. Sometimes flushing flows are used
to scour sediments and macrophytes to clear the river or
stream, as practiced in some places in Norway (Rorslett &
Johansen 1996). They found that sharply peaking flow is
the most efficient method to control the excessive
macrophyte growth – only the initial surge has much effect
in scouring. When flushing mosses, there is a strong linear
relationship to significant flow.
Holmes and Whitton (1981a) developed a standard
method for describing the plant communities in fastflowing water. Using permanent plots, they were able to
assess the bryophyte cover at six sites in the River Tees. At
the site below the Cow Green reservoir, where flow was
regulated, bryophytes exhibited greater cover throughout
the year than at other locations.
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Flow rate can affect net photosynthesis.
In
tracheophytes, the net photosynthesis declined 34-61% as
the flow velocity increased from 1 to 8.6 cm s-1 (Madsen et
al. 1993). At the same time, dark respiration increased 2.4fold over that flow range. But the moss Fontinalis
antipyretica (Figure 7) was least susceptible to flow. It,
like two of the tracheophyte species for which net
photosynthesis was unaffected by flow, is unable to use
dissolved bicarbonates as a carbon source in
photosynthesis.
But how does this affect the
photosynthetic rate as a response to flow? We know that
flow can affect growth rate, which implies an effect on
photosynthetic rate, but I am unaware of any experiments
directly testing effect on photosynthesis.
Conflicting effects of flow rate, based on changes in
flow, suggest that the important factor may be the
conditions of flow as the species grows.
Tissue
development is influenced by flow rate, so it seems logical
that success when the flow is changed depends on the
tissues built before the flow change. Reduction in flow can
result in siltation that impedes photosynthesis by blocking
light and encourages the growth of algae that further block
the light and "steal" the CO2.
Glime (1987a) experimented with flowing water vs
pool conditions on six North American species of
Fontinalis, using artificial streams. In most cases, the
growth was much greater in flowing water than in the
nearly still water of the pool conditions (Figure 62). It is
not surprising that F. gigantea (Figure 61) grew about
equally well in both because its natural habitat is primarily
in quiet water. Its large, folded leaves are subject to
considerable damage from abrasion in rapid water.
Fontinalis hypnoides (Figure 63) likewise exhibited nearly
identical growth curves. This smaller species tends to
occur in more gently flowing water than some of the other
species. But why does flow make a difference in growth
rate? I can only speculate that the greater flow brings
greater renewal of nutrients and CO2, and that it also helps
to remove algae and detritus that collect on the moss. This
study also indicated that the populations of F. novaeangliae (Figure 64) from New York and New Hampshire in
northeastern USA behaved differently from the same
species in Michigan.

Figure 61. Fontinalis gigantea, a species that grew about
equally well in flowing water and pool conditions in experimental
streams. Photo by Paul Wilson, with permission.
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Figure 62. Comparison of growth of six species of
Fontinalis grown at five temperatures in artificial streams under
flowing water and pool conditions. Modified from Glime 1987a.

Figure 63. Fontinalis hypnoides, a species of moderate
flow. Photo by John Game, with permission.
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Figure 64. Fontinalis novae-angliae capsules, a species
with different growth rates from two widely separated geographic
locations. Photo by Janice Glime.

Chambers et al. (1991) found that current velocity had
a significant effect on both biomass and shoot density of
the macrophytes in two slow-flowing Canadian rivers.
Tracheophytes were greatly reduced by increasing flow
rates.
Englund et al. (1997) found 22% lower species
richness at sites with reduced flow and 26% lower at sites
that were regulated but did not have reduced flow.
However, the overall abundance was not significantly
different from that predicted.
On the other hand,
abundance of Fontinalis dalecarlica (Figure 29) and F.
antipyretica (Figure 7) was lower than predicted when the
flow was reduced. Under regulated but unreduced flow,
the abundance of Blindia acuta (Figure 59) and
Schistidium agassizii (Figure 60) was higher than
predicted.
Some mosses were able to colonize beds in the
channelized and short-term regulated part of the Perhonjoki
River, western Finland (Aronsuu et al. 1999). However,
species of Fontinalis (Figure 7-Figure 29) were primarily
restricted to sites above the power plant where there was
little variation in flow. However, plants transplanted to
constant flow did not grow, whereas those in the short-term
regulated flow site survived winter and grew well during
summer. At the controlled flow site, 10 of 30 substrates
were lost during the winter, with more (67%) exhibiting
severe damage in the mid-channel and 40% near the bank.
Hygrohypnum (Figure 13) species attached to substrates
during the summer.
Baker et al. (1996) examined the hydraulic role of
stream macrophytes. Over periods of less than a year, the
hydraulic stability controls the periphyton biomass. They,
along with non-bryophyte macrophytes, colonize readily at
low velocities, but moderate velocities increased
accumulation of organic matter and growth rate. At high
velocities, their colonization is retarded and less organic
matter accrues. By contrast, the bryophytes are often
restricted to areas with high velocity and stable substrates.
Dawson (1987) placed greater importance on flow,
contending that it was the single physical factor dominating
plant form. It thus controls the vegetation at high
velocities. In lesser flows, vegetation may be forced to
grow along the stream margins. Low flow areas, on the
other hand, can develop plant communities that are similar

to those of ponds and lakes. The species present are
restricted by their availability and their ability to colonize.
Heino et al. (2015) provided somewhat contrasting
results in their study of streams in Iijoki and Koutajoki
basins, Finland. They found that bryophyte communities
correlated with different chemical and physical parameters
in different drainage basins. They furthermore found that
different organism groups had different constraining factors
in these environments. For bryophytes, stream width and
velocity were most important factors in the Iijoki basin, but
total phosphorus and conductivity were most important in
the Koutajoki basin. These two basins had 21 and 40
species of bryophytes, respectively.
Desey (1981) also reported the importance of flow in
determination of the community. Englund and Malmqvist
(1996) likewise examined flow regulation on bryophytes in
northern rivers in Sweden. Devantery (1987) assessed 24
variables and their effect on the moss Platyhypnidium
riparioides (Figure 8). Devantery found that the current
contributes food resources to the moss clumps and
increases the spatial uniformity. Devantery (1995) then
examined the sub-foliar retrocurrents among submerged
bryophytes. Tracing water patterns with a colored dye in
an artificial stream, he concluded that the mosses altered
the current within the clumps of Platyhypnidium
riparioides. He found a symmetrical twirling of water
behind the blade of a single leaf. Water crossing the leaf
progressively slowed down as it turned toward the foliar
insertion.
Abrasion and Scouring
Abrasion and scouring can occur during any period of
heavy flow. These are most common during spring melt,
but can also be effective when rains return after a summer
drought. During the hot, dry periods, bryophytes may lose
chlorophyll and vigor due to the high respiration to
photosynthesis ratio when they are stranded out of water
but still wet. That makes these leaves subject to greater
effects of scouring by silt and small grains in early flow
due to spates in the late summer and early autumn.
Muotka and Virtanen (1995) found that a parallel
change in species composition occurred in bryophyte
communities with low stature – typically fast colonizers in
disturbed sites. In the more stable portions of a stream, the
bryophytes were large perennials. This seems to be further
evidence of the potential for scouring and abrasion as a
contributing factor to the distribution of mosses in streams.
Like tracheophytes, bryophytes can be harmed by
abrasion. Lewis (1973a, b) demonstrated the abrasive
effects of coal particles on the moss Platyhypnidium
riparioides (Figure 8). Not only does abrasion damage
leaves and stems, but in her study, Lewis (1973a, b) found
that it reduced the number of sexual organs, thus
potentially affecting reproductive success.
Conboy and Glime (1971) measured the portion of the
stem that had lost leaves to abrasion (Figure 65) and found
that stream abrasion greatly reduced the photosynthetic
portion of the moss Fontinalis novae-angliae (Figure 64)
in a New Hampshire, USA, stream. Plants in slow water
had a mean total stem length of 14.1 cm, with a mean leafy
portion of 7.25 cm. Plants from fast water had a slightly
greater mean stem length (16.7 cm), but the mean leafy
portion was only 3.74 cm. This is a reduction from 50% of
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the plant being leafy to only 20% being leafy, and
emphasizes the scouring nature of fast flow.

Figure 67. Blindia lewinskyae, a species common in streams
with high catchment-specific discharge and low bankfull
discharge. Photo by Melissa Hutchison, through Creative
Commons.

Figure 65. Fontinalis novae-angliae scoured; it was
removed from the water for the picture. Photo by Janice Glime.

Drag Coefficients

Bryophytes themselves serve as safe havens for stream
organisms because of their ability to divert flow and create
safe sites within the matrix of leaves and branches. Not
only is the flow reduced within the moss community, but
Suren et al. (2000) found that Cryptochila grandiflora
(Figure 68) and Blindia lewinskyae (Figure 67) can
actually reduce the drag forces on the rocks. The moss
Blindia lewinskyae (Figure 67) could reduce the drag force
on rocks by up to 56%, hence reducing the likelihood that
the rock would move during heavy flow.

Suren et al. (2000) found that there were significant
increases in drag coefficient caused by three of the six
stream bryophytes they studied. The cushion-shaped
growth of Bryum blandum (Figure 66) increased the drag
coefficient by ~10%.
On the other hand, Blindia
lewinskyae (Figure 67) and Syzygiella sonderi decrease the
drag coefficient by 40 and 30% respectively. Hence, some
bryophytes can make a more stream-lined surface than their
substrate offers. These differences in streamlining ability
may adapt the species to differences in flow rates and
would also help to stabilize the rocks they colonize.

Figure 68. Cryptochila grandiflora, a species that can
reduce the drag force on rocks. Photo by Juan Larrain, with
permission.

Flooding

Figure 66. Bryum blandum, a species that increases drag
coefficient. Photo by David Tng, with permission.

Comprehensive books on streams have recognized the
role of flooding in the ecology of the stream inhabitants
(Giller & Malmqvist 1993). Reid and Wood (1961)
explain the substrate layering in the floodplain, noting that
only the upper layers are penetrable by roots.
Disturbances such as flooding and drought have two
phases (Lake 2000). First the disturbance removes or
disturbs some of the biota, including bryophytes. Then
there is a response to these changes caused by the

2-1-22

Chapter 2-1: Stream Physical Factors Affecting Bryophyte Distribution

disturbance. Lake suggested that the two should be
considered separately. Flooding accentuates downstream,
often damaging the stream or river habitat. Emergent
rocks, especially with bryophytes, can serve as refugia for
invertebrates, and the bryophytes themselves can serve in
repopulating lost bryophytes in the excessive flow.
Perhaps due to these refugia, flood recovery typically has
returns to relatively constant diversity levels rather easily,
even at the very local scale. On the other hand, Lake notes
that on a regional scale many researchers have found that
streams and their catchments can have negative correlations
between diversity and levels of flood disturbance. But
other researchers, working on intermediate-sized streams,
found a unimodal relationship in diversity with disturbance.
They suggested that at the regional scale, disturbance can
play a central role in regulating diversity. This area of
research is becoming more important as we face expected
climate changes.
Suren (1996) found that low-flow events were
common environmental factors among streams without
bryophytes in New Zealand's South Island. In the streams
with bryophytes, flooding had no significant impact once
the bryophytes became established.
In his New Zealand study, Suren (1996) found separate
groupings of moss-dominated and liverwort-dominated
streams. Liverwort-dominated streams were most common
in beech forests (Groups 3 and 4 in Figure 72). The
liverworts had narrower niches than did mosses and were
often absent in streams dominated by mosses. The
hornwort Phaeoceros laevis (Figure 73) and liverwort
Hepatostolonophora paucistipula (Figure 69) were the
most common species in the liverwort streams.
Dominating the moss streams were Fissidens rigidulus
(Figure 70), Cratoneuropsis relaxa (Figure 71), and
Bryum blandum (Figure 66). Liverworts seemed to be
tolerant of more flood events than were mosses, but flood
events had no significant effect once the bryophytes
became established. However, the number of high-flow
events differed between the streams, along with catchment
geology, land use, and water quality, influencing the type
of bryophyte community to develop. Elevation played no
role in separating the moss and liverwort community
groupings.

Figure 70. Fissidens rigidulus var. pseudostrictus, one of
the dominant mosses in the "moss" streams of New Zealand.
Photo by Peter de Lange, through Creative Commons.

Figure 71. Cratoneuropsis relaxa, one of the dominant
mosses in the "moss" streams of New Zealand. Photo by Tom
Thekathyil, with permission.

Figure 69. Hepatostolonophora paucistipula, one of the two
most common liverworts in the "liverwort" streams of New
Zealand. Photo from Manaaki Whenua – Landcare Research,
with online permission.

Learner et al. (1990) found that bank slopes, ranging
3-50º, were poor indicators of conservation status in river
corridors, based on their assessment of taxon richness,
density, and relative abundance of aquatic and terrestrial
macro-invertebrates, tracheophytes, and bryophytes.
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Bankfull Discharge
Suren and Duncan (1999) examined stability effects on
the bryophyte communities in some North American
streams. They found that bankfull discharge was among
the parameters affecting the communities. The relationship
between species richness and bankfull discharge was nonlinear, with low richness occurring in both the stable and
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highly unstable ends of the spectrum. In some cases, this is
due to intolerance to desiccation. In cases with high
catchment specific discharge, low richness might be due to
differences in resistance of the taxa to the high discharges.
Low bankfull discharge and high catchment-specific
discharge permitted growth of thalloid or weft liverworts
(Figure 72).

Figure 72. Stream groupings based on Twinspan analysis of 48 streams on New Zealand's South Island. Modified from Suren &
Duncan 1999.

By contrast, streams with high bankfull discharge and
low catchment-specific discharge were more suitable for
cushion-forming mosses. Seven liverwort species, the
hornwort Phaeoceros laevis (Figure 73), and the mosses
Blindia lewinskyae (Figure 67) and Ditrichum
punctulatum (Figure 74) were common in streams
characterized by high catchment-specific discharge and low
bankfull discharge. Changes in these regimes would affect
that community structure.

Figure 73. Phaeoceros laevis, a hornwort species common
in streams with high catchment-specific discharge and low
bankfull discharge. Photo by Oliver S., through Creative
Commons.
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Figure 74. Ditrichum punctulatum, a species common in
streams with high catchment-specific discharge and low bankfull
discharge. Photo by L. Jensen, with permission.

Regulated Rivers
Regulated rivers provide unique challenges to
bryophytes. Rivers do not normally remain constant.
Regulated rivers deprive the river residents of the flooding,
drought, and changes in flow rates to which they are
adapted. This permits other species to establish and
outcompete the original ones. Bryophytes are no exception
to this problem.
Bryophyte sensitivity to water level regimes permits us
to use them as high-water indicators (Rosentreter 1992).
Loss of these changes in regulated rivers can alter the
zonation pattern.
Papp and Rajczy (2009) documented the effects of
changes in flow in the Danube. Due to a new hydropower
plant, flow was diverted into a new riverbed. The
bryophyte vegetation they found in their 2009 study
differed from that present in 1991-1992 before the
diversion. As the river became drier, the truly aquatic
species decreased in both abundance and frequency.
Instead, the mesophilous long-lived species and short-lived
bryophytes increased.
In the study by Downes et al. (2003) the regulated
streams did not have lower disturbance frequencies than
unregulated systems.
Percentage covers of plants,
primarily bryophytes, were lower in regulated systems
because of reduced cover on large substrata (>20 cm), but
not small or medium ones. Downes and coworkers
suggested that the rise and fall of the water level in the
unregulated rivers provided wider zones subject to a variety
of wetting conditions, favoring the bryophyte species that
benefitted from alternating exposure rather than constant
submergence. Submergence makes it more difficult to get
the CO2 needed for photosynthesis, but frequent
submergence can provide the hydration state needed for
photosynthesis when the bryophytes are above the water
level. Competition did not appear to be a problem in this
case.
Although regulated rivers are habitats with moving
water, the lack of seasonal flow changes, or a change in
those patterns, can be detrimental to stream bryophytes and
their fauna. The regulation itself results in a reduction of
flow niches, whereas the greater stability can permit some
tracheophytes and bryophytes to become established where

they could not under normal flow regimes. For example, in
the River Rhine, Fissidens rufulus (Figure 70) and F.
grandifrons (Figure 47) are becoming extinct, apparently
due to the changes in flow regime (Vanderpoorten & Klein
1999, 2000). In Australia, Downes et al. (2003) reported
the percent cover of bryophytes on large boulders
decreased as a result of the lost natural flow pattern.
When regulation is the result of industry use, not only
might the flow regime change, but water quality can be
severely altered.
Changes may include higher
temperatures, more nutrients, and heavy metal and organic
pollutant loading. Such changes normally disfavor the
bryophytes, causing clean water species such as
Platyhypnidium riparioides (Figure 8) to be replaced by
more pollution-tolerant taxa such as Leptodictyum
riparium (Figure 58) (Vanderpoorten & Klein 2000).
Biggs (1987) found that in outflow affected by
hydroelectric power development in New Zealand,
bryophytes and filamentous green algae benefitted most
from inorganic N and P enrichment.
Lindmark Burck (2012) found that in humanmanipulated streams, channelization and restoration both
had a negative effect on bryophyte cover. But bryophytes
in the channelized streams seemed to repopulate the stream
bed. Unlike findings in a number of earlier studies, larger
substrates did not seem to provide any benefit.
Hydropeaking, the frequent, rapid, short-term
fluctuations in water flow and levels downstream and
upstream of hydropower stations, can affect the vegetation,
including bryophytes in those river flows (Bejarano et al.
2017).
Like other regulated rivers, these unnatural
occurrences do not provide the water level regime and
timing to which the bryophytes and other macrophytes are
adapted. The bryophytes and other plants are subjected to
physiological and physical constraints that result from the
shifts between submergence and drainage, as well as
erosion of the substrates. They noted that hydropeaking
can facilitate dispersal within a reservoir system, but not
between them. On the other hand, this interrupted flow
regime can reduce germination, establishment, growth, and
reproduction. It favors species that are easily dispersed,
flexible, flood-tolerant and amphibious – a limited number
of species. These restrictions cause most of the riparian
plant species to disappear or be restricted to the upper
boundaries of these regulated rivers.
Drought and Desiccation
The opposite of flooding is drought, and bryophytes in
many streams and rivers must be tolerant of both. As
already noted by Lake (2000), whereas many studies have
addressed flooding, few have addressed the effects of
drought on stream biota. This is true for its effects on
stream bryophytes. Suren (1996) noted that streams with
no bryophytes were typically characterized by low-flow
events, although this was not the only factor that seemed to
contribute to the absence of bryophytes.
Bowden et al. (1999) divided streams into three levels
of permanence based on hydrologic status during the spring
wet season and late summer dry season. Perennial sites
had flowing water during both seasons. Intermittent sites
had flowing water in spring, but in the dry period of
summer they were either dry or had water restricted to
pools. Ephemeral sites had no water during the summer
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dry period. These three conditions had significantly
different bryophyte assemblages, although overlap in
species occurred. Liverworts were more frequent at the
perennial sites, where mats and weft forms were most
common. Cushion and turf growth forms were most
common at the ephemeral sites, as were acrocarpous
mosses. The ephemeral sites also tended to have higher
species richness than did perennial sites, but there were a
number of exceptions to this.
Some early studies noted effects of isolation from
water on aquatic mosses. Both Henry (1929) and Davy de
Virville (1927) reported that aquatic mosses grown out of
water are pale-colored. They also found that these
conditions caused the mosses to have more numerous
chloroplasts, but less chlorophyll, than those grown in
water.
Various studies have exposed a variety of species,
including aquatic ones, to water loss in the laboratory, but
laboratory conditions do not mimic the highly changeable
conditions of the field. For example, I found that
Fontinalis dalecarlica (Figure 29) and F. novae-angliae
(Figure 64) died after 55 hours of laboratory desiccation,
whereas the terrestrial Polytrichum (Figure 75) species
survived as long as seven months under the same
conditions (Glime 1971). I then attempted to determine the
effects of isolation from submersion in Fontinalis
dalecarlica and F. novae-angliae in a small stream in New
Hampshire (Glime 1971). On 10 September 1969 I
numbered 36 rocks with Fontinalis on them and placed
them on the streambank. Thus they were not submersed
during the 1-year period of study, but were covered with
snow in winter. The rocks were returned to the stream as
follows. Three rocks were returned on each of the
following dates in 1969: 12, 15, 19, 23, 27 September; 4,
11, 25 October. In 1970, 11 rocks were returned to the
stream on 23 April, and 5 on 19 September. Those mosses
returned to the stream water in 1969 all regained a healthy
color within several days or less following their return,
despite many being chlorotic and yellow before their
return.
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But after one year, the remaining five rocks that I
returned to the stream water on 19 September were not
showing any signs of recovery after one week. The leaves
remained yellow or brown and only a few branches
displayed any green. Their recovery was, however,
complicated by the season. The stream had reached a low
point when only pools had water. Subsequently, on 24
October the water was swift and the plants had lost most of
their leaves. But their stems had sprouted new green
branches at the tips. Those plants that had been placed in
pools in October had not lost their old leaves, but they too
had new branches with green leaves.
Biggs and Saltveit (1996) considered seasonal
temporal and spatial scales to govern the processes of
biomass loss. Macrophytes and periphyton were more able
to colonize at low velocities. Bryophytes, on the other
hand, preferred areas of high velocity. This suggests that
bryophytes grow in areas where low flow from drought are
less common.
Arscott et al. (2000) demonstrated that desiccation
affected net photosynthesis in Hygrohypnum ochraceum
(Figure 13) and H. alpestre (Figure 76) more than it did
Schistidium agassizii (Figure 60), an emergent rock
species. Nevertheless, the latter species was inhibited by
high temperatures, as were the Hygrohypnum species.

Figure 76. Hygrohypnum alpestre showing air bubbles that
keep even submersed leaves in contact with the gases of air.
Photo by Michael Lüth, with permission.

Depth

Figure 75. Polytrichum commune; some members of this
genus can survive as long as 7 months of desiccation in the
laboratory. Photo by Bob Klips, with permission.

During a fish spawning survey, Mills (1981) measured
depths at which Fontinalis antipyretica (Figure 7) was
growing in the River Frome in southern England (Table 2).
There was a significant negative correlation between the
biomass of the moss and depth.
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Table 2. Vertical distribution of Fontinalis antipyretica
(Figure 7) in the River Frome, southern England. From Mills
1981.

cm depth
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

relative dry weight
14.9
5.6
6.2
9.0
5.5
5.3
1.8
1.2
0.6
0.0
Figure 78. Stream cross section showing vertical and
horizontal location of mosses in ten Adirondack stream locations.
Modified from Slack & Glime 1985.

Cattaneo and Fortin (2000) found that water depth was
one of the factors that explained the distribution of mosses
in the Quebec Laurentian Mountain streams they studied.
Like the Mills (1981) study, the moss cover was negatively
correlated with water depth, with an apparent competitive
relationship with the Cyanobacterium Stigonema (Figure
77).

Figure 77. Stigonema ocellatum, in a genus that is a
competitor with stream mosses. Photo by Yuuki Tsukii, with
permission.

On the other hand, in their attempts to determine if
various groups of organisms responded in the same way to
stream parameters, Paavola et al. (2003) found that
macroinvertebrates and bryophytes were not correlated
with stream depth, but that depth was important for fish.
Slack and Glime (1985) demonstrated that different
bryophytes prefer different distances above and below the
water surface (Figure 78). Furthermore, even the leaf form
can change with distance above the water, as noted earlier
for Hygrohypnum ochraceum (Figure 12-Figure 13) in
Figure 78.

In my study of Appalachian streams, the lower, sunny,
deeper section of larger streams lacked bryophytes (Glime
1968). Fontinalis dalecarlica (Figure 29) was the most
ubiquitous of the submersed bryophytes, occurring at
depths of 13 cm to ~80 cm, typically reaching lower depths
than that of other stream bryophytes.
Sheath et al. (1986) examined Rhode Island, USA,
streams. He found that mean stream depth increased by 3to 8-fold from first order to fourth order streams.
Interestingly, light penetration increased 11-fold from
headwaters to the mouth in September when the canopy
reached its maximum. Fontinalis antipyretica (Figure 7)
was the most common species and occurred in all 4 stream
orders and 51% of the samples.
Shevock et al. (2017) concluded that stream
bryophytes that are exposed on rock surfaces in full sun
during the hottest time of the year tend to be acrocarpous.
Periods of submersion and emergence also affect when
gametangia are produced, and especially when fertilization
can be accomplished. Glime (1984b) suggested that sperm
could be splashed as much as a meter to emergent branches
of Fontinalis (Figure 7, Figure 16), accomplishing
fertilization when the water level was low and sperm were
above the water currents that could carry them away.
Shevock and coworkers (2017) considered the depth to
width ratio to be the most critical factor in determining a
suitable habitat for stream mosses. At a low ratio of depth
to width, bryophytes have little opportunity to be
submerged for extended periods of time. But in narrow,
deep streams, there are bands of rheophytes [aquatic plants
that live in fast-moving (1-2 m s-1) and up to 1-2 m deep]
dependent upon the varying water levels and duration of
submersion.
Siltation
Slow-moving streams often do not provide suitable
habitats for bryophytes due to siltation (Chutter 1969). The
particulate load in slow stream water settles onto the
mosses and "smothers" them, interfering with light, CO2
exchange, and possibly even slowing nutrient uptake.
Melo and Froehlich (2004) noted that floods result in
burial of streambed particles. However, frequency of
burial was much lower than that of particle movement
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except in the smallest stream. Bryophytes can act as debris
dams, accumulating 3-5 cm of silt in some locations.
Jones et al. (2012) also noted that macrophytes can
increase the retention of fine sediment, but that the
relationship is complex. The macrophytes not only trap the
fine sediments, but they in turn are affected by such silt
through such factors as light blockage and presentation of
nutrients.
Agricultural input of fine sediment can easily become
a stressor for stream bryophytes. Matthaei et al. (2006)
found that sediment from various agricultural types
increased sedimentation to the next higher category. In this
case the sediments did not change the concentrations of
phosphate, nitrate, and ammonium. Aquatic mosses were
most common in the tussock streams and absent in dairy
and deer streams. Sediment addition caused reductions in
moss cover as well as richness of a number of insect
groups.
Siltation can bring with it dissolved organic carbon. In
five tributary streams of 1600-ha Trout Lake in northern
Wisconsin, USA, Elder et al. (2000) found that the C loads
bore little relationship to the surface-water catchment area.
Instead, they were more closely related to the ground-water
watershed area. Peatland porewater holds up to 40 mg L-1,
providing a significant potential carbon source.
Nevertheless, the carbon yields were very low in the
catchments. Elder and coworkers attributed these small
yields to the low flow rates resulting from limited overland
runoff and very limited stream channel coverage for the
total catchment area.
Miliša et al. (2006) investigated the role of particulate
organic matter (POM) related to bryophytes and flow rates
on travertine barriers of the Plitvice Lake system in
Croatia. Most of the organic matter was deposited in moss
mats, but the amounts decreased exponentially with depth.
More of the POM was deposited in the habitats with low
flow velocity. Fine particulate matter seemed to be
unaffected by depth. Coarse particulate matter had a
positive correlation between the flow rate and deposition
rate in the moss mats. The other size fractions experienced
negative effects on deposition with increases in flow
velocity.
Hynes (1966) describes the effects of flooding that
introduces pollutants and deoxygenated water to the stream
fauna, fungi, and algae. He also notes that Fontinalis
antipyretica (Figure 7) is able to tolerate the sewage
"fungus" Sphaerotilus (actually filamentous bacteria;
Figure 79), but only where the current is sufficient to keep
the stones free of silt. Platyhypnidium riparioides (Figure
8), on the other hand, grows below the lower limit of the
fungus, but like F. antipyretica it grows where the stones
are free of silt.
The effects of deposition on the growth of the mosses
remains unclear. Dense coverage of silt can reduce or
completely block light, but if the moss is able to maintain
growing portions above the silt layer, growth can continue.
Silt also brings nutrients, and these can favor development
of periphyton that compete for light and CO2. In areas of
heavy deposition, the flow rate is typically lower, thus
improving conditions for aquatic tracheophytes that can
out-compete the bryophytes. Furthermore, the richer
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nutrients from these deposits would likewise be expected to
favor tracheophytes. While these are expected outcomes,
data are needed to support these hypotheses.

Figure 79. Sphaerotilus natans, a bacterium that thrives on
sewage water. Photo by Jürgen Mages, through Creative
Commons.

Pasture and Plantations
On the South Island of New Zealand, mosses were
relatively abundant in streams with some pine plantations
and improved pasture, but bryophytes were absent in the
heavily modified areas (Suren 1996). Suren found their
absence to be concordant with high nutrient levels, unstable
substrate, easily eroded rocks, and frequent low-flow
events, all characteristics typical of pasture and plantation
streams.
Agricultural runoff is often high in phosphorus due to
fertilizer applications. In Bear Brook in the Hubbard
Brook Experimental Forest, NH, USA, Meyer (1979) found
that the leafy liverwort Scapania undulata (Figure 5) was
important as a phosphorus sink. Both bryophytes and
sediments remove P from the water. For the bryophytes,
this is a function of both P concentration and flow rate,
with higher flow rates resulting in lower P concentrations
than lower flow rates. Nevertheless, the total P sorbed was
greater at the higher flow rates.
In my own explorations, I soon learned to avoid open,
level streams through pastures and plantations. These
typically had no bryophytes, although the stream banks and
springs often had their own unique flora.
Clear-cutting
Bormann et al. (1974) found that the clearcut forest at
Hubbard Brook, New Hampshire, USA, could prevent
erosion of the forest floor for the first two years because of
remaining biomass, but that in the third year the flow of
particulates lost to the stream due to erosion was much
greater. But in those first two years, there was a highly
significant increase in soluble nutrients lost to the stream.
Thus the stream was first flooded with nutrients, then
disturbed by non-soluble eroded particulates.
Sandberg (2015) monitored 10 tributaries of the Vindel
River in northern Sweden to observe the effects of
restoration on bryophyte communities. They found a lower
abundance of bryophytes in the demonstration restored
sites than in the unrestored or in the best-practice restored
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sites. There was no significant difference in bryophyte
species richness, diversity, or species composition among
these three comparison site types. Small sediment grain
size had a negative effect on species richness. Other
correlations of environmental variables with bryophyte
abundance, richness, diversity, and composition were
mostly related to the effects of restoration, but also to the
disturbance associated with the restoration.
Forest Buffers
Gundersen et al. (2010) noted the importance of
natural 10-m strips of riparian forests that occupy more
than 2% of the forest area in Nordic countries. These
natural buffer zones receive water and nutrients from the
upslope areas and provide important and unique habitats.
During forest clearing, these zones become important
buffers against the upland changes that are occurring. In
addition to protecting water quality and aquatic life, they
increase the terrestrial biodiversity, especially when a strip
greater than 40 m is maintained.
Using a before-and-after experiment of buffer strips
along 15 small streams in northern Sweden, Hylander
(2004) found that fewer bryophyte species disappeared in
the 10-m buffer strips than in clear-cuts. Nevertheless,
many bryophyte species, especially liverworts, decreased
or disappeared in the buffer strips. These were mostly
species that grew on elevated substrates. Endangered
species were most affected. When bryophytes were
transplanted, wet ground moisture helped to overcome the
negative edge effects in these narrow buffer strips. In
mesic sites, growth was almost as low as in the clear-cuts.
North-facing slopes were less affected than were southfacing slopes. Bryophytes on concave substrates fared
better than those on convex substrates. With such narrow
buffer strips, the entire strip becomes an edge habitat.
Effects on Streams and Riparian Zones
Vuori and Joensuu (1996) reported that forest
drainage, even with protective buffer zones, caused definite
structural changes in the habitat structure. These were
deposition of particles on the benthic habitats and particle
movement along the surfaces. In the control riffle areas,
the aquatic moss Fontinalis dalecarlica (Figure 29) was
the dominant habitat. Where forest ditches impacted the
stream, sand dominated the riffles.
Those tufts of
Fontinalis in the affected areas were covered with silt and
contained significantly more inorganic matter than those
mosses in control areas. Furthermore, the species richness
of macroinvertebrates was significantly lower in the
impacted sites than in the control sites. Stoneflies
(shredders) dominated mosses in control riffle sites,
whereas blackflies were dominant in the impacted riffle
sites.
Clear-cutting can result in major changes in stream
dynamics. Dynesius and Hylander (2007) examined the
effects of buffer strips in mediating streamside bryophyte
disturbances. Using paired before and after plots from
clear-cut forests, they assessed the effects of these buffer
strips. After 30-50 years, the bryophyte species richness
showed little response to clear-cutting. Nevertheless,
richness had changed in many subgroups by habitat or
substrate affinity and the phylogenetic groups comprising
the communities. Liverworts were reduced significantly by
clear-cuts. Narrow buffer strips prevented most of the

short-term species losses in the stream-side forests. This
raises the question of their effect on the stream bryophyte
flora.
Forests are important in ameliorating stream
disturbances.
Suurkuuka et al. (2014) included 50
headwater streams in their study of riparian (relating to or
situated on banks of rivers or streams) forests in northern
Finland. They found that all studied taxonomic groups
except diatoms and chironomid larvae responded
negatively to forest site modification. These included
bryophytes and macroinvertebrates. They found that
woodland habitats can be valuable for protecting stream
biodiversity.
Buffer Size: Hylander et al. (2005) found that buffers
along streams where logging occurs can be important in
maintaining stability. They examined buffer strips of
mosses and liverworts along 15 small streams in boreal
forests, comparing before logging to 2.5 years after
logging.
Using 10-m wide buffers, they compared
bryophytes with plots in clear-cut areas (no buffer). They
found fewer than half as many bryophyte species
disappeared in the buffer zones compared to the clear-cut
streamside zones. The remaining species in the clear-cut
zones were more affected than those in the buffer zone.
Nevertheless, there was a significant species composition
change in the buffer strips. Substrate form was important,
with species on concave substrates experiencing little
effect. Liverworts were somewhat more sensitive than
mosses. Red-listed (protected based on rarity status)
species were also the most likely to decline in the buffer
strips. They suggested that increasing the width of buffer
strips would provide more protection for bryophytes along
streams by decreasing windthrow frequency and edge
effects.
Castelle et al. (1994) considered vegetated buffers to
be necessary to protect wetlands, streams, and aquatic
resources. They found that a buffer of at least 15 m was
usually necessary to protect wetlands and streams. They
found that a range of 3-200 m may be needed, depending
on the purpose and situation.
In the state of Washington, USA, Brosofske et al.
(1997) determined that the stream microclimate was
affected by buffer width and the microclimate created in
the surrounding area. They concluded that this buffer
should be at least 45 m on each side of the stream, but
depending on the slope, the buffer may need to be up to
300 m. These 2-4 m wide streams had moderate to steep
slopes, 70-80% overstory, and experienced hot, dry
summers with mild, wet winters. These factors are all
important in determining the size of buffer needed to
protect the stream. The greater effects may be on the
streambank and near-stream locations.
Gradients:
The upland gradient is affected
differentially. Dynesius et al. (2009) found that bryophyte
species composition in old forests 30-50 after cutting was
significantly less affected in the streamside forests than in
the upland forest. They attributed this to lower survival
and recolonization in the upland forests due to stronger
associations with old stands in the upland. Furthermore,
when a species occurred in both forest types, fewer
appeared in the upland sites. Some of the streamside
bryophyte species even increased in frequency. They also
suggested that short-term recovery does not necessarily
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indicate higher long-term ability to recover the original
communities.
Baldwin et al. (2012) used 15-m buffers on both sides
of the stream in high-elevation streams of British
Columbia, Canada. Using bryophyte functional group
frequency, they found that both distance from the stream
and canopy treatment were strongly associated with
variation in bryophyte communities. The highest richness
of functional groups occurred adjacent to the streams. As
expected, richness of forest species and extent of cover was
highest in the continuous forests, intermediate in buffers,
and lowest in clear-cuts. In undisturbed forests, differences
in bryophyte communities did not differ from those in
buffers. But when buffers and clear-cuts were compared,
the communities differed significantly at all distances.
Time Lags
Hylander and Weibull (2012) questioned the
effectiveness of buffer strips due to the time-lagged
extinctions. Their observations on species extinctions
parallels the observations of Bormann et al. (1974) on the
delay in erosion. In an inventory 10.5 years after logging,
Hylander and Weibull found that both clear-cuts and buffer
strips had greater differences from predisturbance than they
did 2.5 years after the logging. Studies are need to observe
the time effects on bryophyte communities.

Figure 81. Fontinalis frozen in ice at Fox Inlet, Plymouth,
New Hampshire, USA. This demonstrates how the ice could
remove the moss when the ice breaks loose. Photo by Janice
Glime.

Ice and Snow
Ice on streams can provide a surface where snow can
accumulate (Figure 80). This not only reduces the light
intensity, but also changes the light quality in the water
below. Deep snow, like water, tends to absorb red light,
thus reflecting the bluish colors we see (NSIDC 2020).
And the scattering of the light by the ice grains also
contributes to its bluish color.

Figure 80. Snow on top of ice in a New Hampshire, USA,
stream. Photo by Janice Glime.

Ice breakup can rip bryophytes from their substrates.
Sometimes these effects an be massive, but usually enough
of the bryophyte remains to permit regrowth of the colony
(Figure 81-Figure 82). Similarly, mosses can become
imbedded in snow, especially at the margins of snowbanks
on the sides or even within the streams. These can break
loose and carry small or large fragments that become
potential propagules (Figure 83).

Figure 82. Fontinalis frozen in ice (see Figure 81),
demonstrating how the ice could remove the moss when the ice
breaks loose. Photo by Janice Glime.

Figure 83. Fontinalis frozen in snow, Fox Run, NH, USA,
illustrating how small fragments can break loose and be dispersed
downstream by the flow. Photo by Janice Glime.

Snow and ice play major roles as moisture sources in
cold regions (Prowse 1994). When the flow reaches a
channel system, floating ice can control the flow system.
These are the most significant events causing floods as well
as low flows. This spring freshet, when ice begins to melt,
is often the largest hydrologic event in the year (Prowse &
Carter 2002). Ice breakup creates unique in-channel and
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riparian habitats (Prowse 2001).
The aquatic and
floodplain vegetation can be modified, affecting our
understanding of river ecology and flood-pulse theory.
Prowse (1994) reported a 30-fold increase in suspended
particles during ice breakup in the Liard River, Northwest
Territories, Canada. Beltaos (1993) demonstrated that ice
could cause sufficient shear stress to move rocks 20 cm in
diameter. Ice can also cut away at the banks of streams and
rivers (Scrimgeour et al. 1994). And the water temperature
remains close to 0ºC until the ice is gone. It can then
increase rapidly (Terraux et al. 1981; Parkinson 1982;
Marsh & Prowse 1987; Marsh 1990). It has been observed
to rise 9ºC in 13 hours in the lower Mackenzie River,
Northwest Territories, Canada, when the ice yields to open
water (Parkinson 1982).
Stream edges can form unique and interesting patterns
as snow melts, then freezes as the air cools at night (Figure
84).

spring, ice breaks up. Ice floes can cause jams, floods, and
major erosion events.

Figure 85. Anchor ice in a stream in Alberta, Canada. Photo
from Pacific Northwest National Laboratory.

Figure 84. Ice stalactites under snow on stream. Photo by
Allen Norcross, with permission.

Anchor Ice
I was first introduced to anchor ice (Figure 85) in a
stream in lower Michigan, USA. My colleagues were
excited to show me an abundant Fontinalis flora near a
university where I was interviewing. But when we arrived
at the stream, the bryophytes were totally gone! Instead,
we found large clumps of ice on many of the rocks and
evidence of scouring on others.
Anchor ice (Figure 85) is that ice that forms on rocks
on the bottom of a stream or lake. It is most common in
fast-flowing rivers during periods of extreme cold. It also
occurs in various waterways as they enter cold ocean water.
Lind and Nilsson (2015) found that the number of
winter floods was greater in reaches with anchor ice than in
reaches without it. Lind and Nelson found that when a
freezing period occurred early in winter, underwater ice
could form and restructure the channel, obstruct flow, and
cause flooding, causing more ice to form. By midwinter,
slow-flowing water can freeze on the surface. Henceforth,
snow accumulates on the ice, protecting the underwater
habitat from ice formation. But this reduces light and
hence reduces photosynthesis. During late winter or

In the cases of both surface ice and anchor ice, cell
damage can occur to plants frozen into the ice (Lind &
Nilsson 2015). Large magnitudes of ice dynamics tend to
favor species richness of the community, but individual
plants can suffer great harm. For bryophytes, this can
mean dispersal, probably with very little cell damage, but it
can have a huge impact in some areas of the stream.
Surprisingly, Lind and Nilsson found a lower cover of
algae but a higher cover of bryophytes in anchor ice
reaches. These anchor ice events seem to permit the less
competitive species such as bryophytes to establish along
small boreal streams. This relationship seems to be
widespread in streams and rivers of high altitudes and high
latitudes (Lind et al. 2014).
Its presence in streams can be devastating to the
bryophytes there (Glime 1987a; Englund 1991; Muotka &
Virtanen 1995). Bryophytes can totally disappear from a
site, as I observed near Ypsilanti, Michigan, USA. Moving
ice, whether from the surface or anchor ice, causes scouring
and can move the substrate (Muotka & Virtanen 1995).
These events can create gaps that provide openings for
bryophyte colonization (Virtanen et al. 2001).
Finlay and Bowden (1994) found that anchor ice in the
Kuparuk River, Alaska, USA, persists up to two weeks
while the melt waters erode it away slowly. This ice cover
protects the periphyton. The persistence of the ice negates
the disturbance that might remove the bryophyte
communities. And bryophytes frozen in dry or wet
conditions seem to be resilient (Glime 1971). These
bryophytes become photosynthetically active within hours
of becoming hydrated with liquid water (Longton 1988).
In Alaskan streams with extensive freeze-up
surrounding them, overland water diminishes and ice
encroaches from the sides (Breck Bowden, pers. comm. 29
July 2019). In low-order streams, the stream may freeze to
the bottom, although snow can insulate the stream and
permit lenses of liquid water. In the spring, the meltwater
is over the frozen anchor ice, thus the ice is protecting the
benthic communities of bryophytes and other organisms.
By the time the water has eroded the anchor ice and the
stream has open flow, the spring melt water is mostly in the
past. Such mosses as Hygrohypnum (Figure 13, Figure 76)
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species are thus protected in these streams against the
abrasion of heavy flows.
Stickler and Alfredsen (2005) studied the effects of
ice in two Norwegian rivers. They found that anchor ice
dams formed in areas with large substrates and shallow
water, with the reduced water velocity in steep sections
triggering ice cover formation. The second river was a
hydropower river, so its flow was regulated. It was also a
larger river with a lower flow rate. This latter river has
frequent anchor ice events. In both rivers, the anchor ice
events were relatively frequent, and the ice was usually
released the next afternoon. Through this regime, algae
and plants frozen into the ice are removed.
Engström (2010) investigated the function of ice,
wood, and rocks as regulating elements in riparian systems,
considering their role in retention and dispersal. Retention
of propagules was highest in low flows and sites where
there were large boulders and large wood. But he found
that propagules were unlikely to establish unless they were
dispersed during the subsequent high flows of spring that
could lodge them in higher riparian habitats that were
suitable for establishment. Thus, the immigration process
due to ice floes is a stepwise process. Like Lind and
coworkers, Engström found that the overall species
richness increased in the plots with ice events.
Lindmark Burck (2012) found no clear relationship
between ice and substrate in boreal streams in Sweden. It
is possible that restoration in the channels eliminated
harmful ice formation. There was some evidence that the
channelized streams have less cohesive surface ice but
more anchor ice.
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richness. Bryophytes seem to benefit from relatively
fast flow, perhaps because of cleaning of periphyton
and detritus, as well as lack of tracheophyte
competition.
Siltation impedes photosynthesis. Increased flow
can bring more rapid nutrient replacement and trap
CO2. But rapid flow with a silt load can cause abrasion
of the bryophyte leaves. Ice flows likewise can cause
considerable abrasion and even remove entire clumps.
Anchor ice can break lose, leaving a rock devoid of all
bryophytes. Flooding seems to have less effect on wellestablished bryophytes.
Frequent low-flow can
promote the absence of bryophytes. Greater depth
likewise supports fewer bryophytes. The depth to width
ratio can be a critical factor, with a low ratio causing
bryophytes to be submerged for shorter periods of time.
Increasing the available P and N can increase
bryophyte biomass, but too much can lead to their being
outcompeted by tracheophytes and periphyton. Forest
buffers can ameliorate some of these nutrient changes
following clear-cutting.
Many macroinvertebrates depend on the
bryophytes in streams as safe sites and locations of
food. The bryophytes can reduce drag forces and
provide internal pools away from the flow. Some
macroinvertebrates eat the bryophytes or build cases
from them.
Vegetative reproduction is common among the
stream bryophytes, with fragments being dispersed by
the water.
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Truly aquatic bryophytes must be able to survive
both complete submersion and shorter periods of
desiccation and high light. Taxonomic groups, life
forms, and life strategies are selection factors for
tolerance of water velocity, local incident light, and
hydrologic zone. Factors influencing suitability of a
site for individual species and species richness include
substrate size, substrate stability, type of substrate,
altitude of source, site altitude, distance to source, flow
rate (~<0.9 m s-1), drag coefficients, depth, frequency of
disturbance (especially flooding frequency and ice
release), drought frequency, bankfull discharge, water
clarity, water quality, alkalinity, light intensity,
temperature, and human interference in the stream and
surrounding landscape. Of these, substrate stability is
perhaps the most important. Light, nutrients, siltation,
and temperature govern biomass gain and the relative
dominance of bryophytes vs periphyton biomass.
The most common genera in streams are
Fontinalis and specialized members of Fissidens,
Hygroamblystegium, Platyhypnidium, Racomitrium,
and Scapania.
The most common families are
Brachytheciaceae, Fissidentaceae, Fontinalaceae,
and Grimmiaceae.
Bryophyte richness tends to
increase with stability, but decreases at high stability,
seemingly due to competition from other macrophytes;
the most unstable streams typically have the lowest
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